This program was directed toward the design and development of a low-pressure storage system for the storage of liquid oxygen, the conversion of the liquid to usable, gaseous state, and the controlled del ivery of the gaseous oxygen under omnigravic conditions.
NOTICE: When government or other drawings, specifications or other data are used for any purpose other than in connection with a definitely related government procurement operation, the U. S. Government thereby incurs no responsibility, nor any obligation whatsoever; and the fact that the Government may have forwmlated, furnished, or in any way supplied the said drawings, specifications, or other data is not to be regarded by implication or otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or permission to manufacture, use or sell any patented invention that may in any way be related thereto. 
INTRODUCTION
I. General -Use of liquid oxygen as a method of storing oxygen for breathing purposes in manned space vehicles provides desirable space and weight advantages. However, a means of storing and converting the liquid to gas, while operating at low pressures and under varying gravity conditions, presents many problems,both In design and construction.
2. Background -The system described in this report differs from conventional methods as follows: (I) A thermal shorting valve is used for providing heat to the storage vessel for liquid vaporization and maintaining system pressure; (2) An Internal pressure regulating valve is used; (3) An Internal heat exchanger Is used for vaporization of any liquid state of the fluid prior to withdrawal from the vessel; (4) A quantity gauge is used to measure the proportion of liquid In the remaining two-phase fluid in a zero gravity environment. The following sections present an account of the design and development of a subcritical liquid oxygen storage and conversion system for omnigravic operation.
SECTION II

DESIGN REQUIREMENTS
The design requirements used as a basis for the design of the storage and conversion system are as follows: 
4.
Consideration should be given to frequencies up to 1000 cps for vibration.
5.
Safety System Operation Theory -The following paragraphs describe the system operations in the sequence in which they wouad normally occur.
a.
Filling Operation -The system is filled with liquid oxygen through the fill valve by first opening the vent port and then connecting a line with quick disconnect adapter to the fill valve from the supply tank. The adapter opens the fill valve, and transfer of fluid Is accomplished by pressurizing the supply source. Filling is continued until a liquid stream is observed at the vent port. The supply is then depressurized, and the supply line Is disconnected from the fill valve which closes the valve automatically. The vent port and the fill valve are then capped to provide a leak tight system.
b.
Build-Up Operation -When the filling operation is complete, the thermal shorting valve, which is in contact with the interior vessel, conducts heat into the vessel causing the fluid temperature and pressure to rise. Pressure build-up continues until the interior vessel pressure reaches the calibrated setting of the thermal shorting valve. When this pressure (130 psig) is reached, the contact area of the valve separates from the Inner vessel and ceases to transfer heat to the Inner vessel. Pressure build-up is complete when this occurs.
Pressure build-up may be observed by connecting a pressure gauge to the vent port.
c.
Standby Operation -After pressure build-up is complete, the Inner vessel, although separated from the outer vessel by the opening of the thermal shorting valve contact, continues to gain heat but at a greatly reduced rate through lines and container supports, and intrasurface radiation. This leakage of heat causes the inner vessel pressure to slowly Increase. If no oxygen Is withdrawn from the system to compensate for this increasing pressure, the system pressure relief valve opens to limit the system pressure to 150 psig. The relief valve continues to cycle as required through standby.
d.
Supply Operation -The supply operation makes use of the fact that the temperature of an equilibrium mixture of liquid and vapor changes with changing pressures. The fluid being withdrawn from the storage vessel is passed through the Internal pressure regulator In which the fluid pressure is throttled from the vessel storage pressure to the system delivery pressure causing a corresponding temperature decrease. The pressure regulator senses delivery pressure and closes when there Is no flow demand on the system. The expanded fluid, at the lower temperature, is passed through the Internal heat exchanger and heat Is added by means of the temperature differential. The fluid then passes to the vessel exterior.
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The Internal heat exchanqer is designed for adequate vaporization when 100-percent liquid enters through the internal pressure regulator, which assures vapor delivery under all liquid-vapor mixture states. Since the storage pressure is being used for supply purposes, heat must be added to the remaining fluid In the vessel In order to maintain the required storage pressure level during withdrawal of fluid. The thermal shorting valve is sensitive to pressure drop and again comes in contact with the interior vessel. Heat transfer continues until pressure build-up reaches the required storage pressure level. The thermal shorting valve contact then separates from the interior vessel, thus continuing to maintain the operating pressure as required.
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SECTION IV DESCRIPTION OF COMPONENT FUNCTIONS
I. Storage Vessel -The storage vessel is a double-walled spherical container with a 9.04-inch ID Inner vessel (13, Figure I ) and an 11.50-inch ID outer vessel (15, Figure I ). The walls are 0.025-inch thick, formed from 304 stainless steel. The evacuated annular space between the vessels contairan Intermediate shell (14, Figure I ) of 0.016-inch thickness and 10.50-Inch ID and made from 304 stainless steel. The intermediate shell serves as a retainer for Insulation which is also located within the annular space. The outer surface of the Inner vessel, the inner surface of the outer vessel, and both surfaces of the intermediate shell are copper-plated and highly polished.
The inner vessel is designed for a nominal operating pressure of 130 psig and can withstand an internal hydrostatic test of 250 psig.
2.
Insulation -The Insulation (18, Figure I ) consists of layers of fiberglass sheet which are compressed into the annular area between the Intermediate shell and the inner wall of the outer vessel.
3. Thermal Shorting Valve -The thermal shorting valve (Figure 2 ) is welded to and forms a permanent part of the outer shell for maximum assurance against gas leakage into the evacuated annular area between the vessels. Thermal contact between the inner vessel and the thermal shorting valve is regulated by means of a beryll ium copper diaphragm, attached to the Inner vessel, which acts as an expansion bellows. The Inside of the diaphragm references Inner vessel pressure and the outside of the diaphragm references the evacuated annular area between the vessels. The valve, therefore, is referenced to absolute Inner vessel storage pressure.
When the pressure in the inner vessel drops below 130 pslg, the diaphragm retracts allowing the copper heat transfer poppet to contact the inner vessel. The valve assembly is designed to permit adjusting of the poppet for trimming of the unit. The stem of the thermal valve Is a 5/8-Inch OD copper rod which extends through the outer vessel wall. The poppet stem is mounted In a spherical stainless steel bearing which is Itself mounted to the base of the valve. A small bellows Is attached to the stem and the outer vessel to form a vacuum seal. Curved aluminum radiation entrapment fins are mounted at the top of the heat transfer member for maximum energy absorption. The fins are blackened to Increase the radiative mode of heat transfer to the valve.
4.
Internal Pressure Regulator -The internal pressure regulator (Figure 3) is constructed of 304 stainless steel, and is designed to provide absolute pressure regulation of the fluid downstream of the regulator. To accomplish this, the regulator valve bellows is connected on the inside to the evacuated annular space between the vessels and on the outside to the outlet or discharge line pressure. When the outlet or discharge line pressure drops due to flow demand, the spring-loaded regulator bellows expands and opens the valve poppet to allow flow through the valve. If the discharge line pressure rises above the regulator setting of 30.0 psia, the regulator bellows closes the valve poppet, stopping flow until the pressure lowers as a result of flow demand. Internal Heat Exchanger -The internal heat exchanger coil (10, Figure I ) Is made of 1/8-inch OD by 0.010-inch wall 304 stainless steel tubing. The total coil length measures 20 ft, unwound, and is spiralled around the outside of the inner vessel and brazed In place. An additional 1.67-ft length Is suspended between the Inner and outer vessel to minimize heat transfer. Connection through both vessels Is accomplished with machined fittings which are welded Into the vessels. The tubing, in turn, is silver-brazed into the fittings.
One end of the heat exchanger coil is connected to the Internal pressure regulator outlet port. The other end is connected to the outlet or discharge line of the system. The function of the internal heat exchanger Is to ensure vaporization of the liquid being withdrawn, by means of the temperature gradient that exists between the stored fluid and the fluid within the heat exchanger. The Internal heat exchanger has two purposes: (I) to ensure vaporization of fluid withdrawn for use, and (2) to conserve fluid and stabilize operation during low demand.
6.
Fill Vent Line Check Valve -The vent line check valve (Figure 5) , located as shown in Figure I (2) , is designed to allow liquid or vapor flow during the fill operation and to check liquid flow during zero gravity operation. The valve consists primarily of 304 stainless steel, with the exception of the sintered bronze porous plug, and is of welded construction. The valve is welded in place near the Inner vessel surface. The valve is an axial flow type and has a spring-loaded poppet which seats against the porous plug. This feature acts to separate fluid phases for better system pressure relief valve operation. The valve poppet OD and housing ID are precision-ground to allow a thermal expansion of 0.0005 inch.
POROUS POPPET PLUG -POPPET Figure 5 . Vent Line Check Valve with Porous Plug
8.
System Pressure Relief Valve -The system pressure relief valve (Figure 6 ) consists of a spring-loaded poppet which is designed to be forced open when the system pressure reaches the calibrated value of the valve, +0 150 +0 psig, and to limit the pressure to this value. The valve is of 304 stainless steel construction and is welded In place in the vent line external to the vessel as shown in Figure I (5).
9.
Regulated Pressure Relief Valve -The regulated or discharge line pressure relief valve (Figure 6 ) consists of a spring-loaded poppet which is designed to be forced open when the discharge line pressure exceeds the Figure I ) is a capacitance-type system which utilizes the difference In dielectric constant for vapor and liquid oxygen. A cubical matrix is constructed from two conductors which are electrically Insulated from each other and the inner vessel by Teflon spacers. This matrix structure subdivides the entire volume into capacitor cubes. The cube size Is determined by the accuracy required of the gauge under all attitudes and gravitational fields. Variation In capacitance of the system serves to unbalance a bridge circuit which forms the Input to a transistorized amplifier. The amplifier signal drives a servo motor which causes an appropriate dial indication.
12.
Getter -In order to ensure a good permanent vacuum, a getter housing was Incorporated In the design of the inner vessel and is located as shown In Figure I (16) .
The getter consists of a 304 stainless steel housing welded to the exterior surface of the inner vessel which contains Linde Molecular Sieve No. 5A pellets for the absorption of residual gases.
SECTION IV
HEAT TRANSFER CALCULATIONS
I.
Requirements -The specification for this system requires that the evaporation loss shall not exceed one lb of liquid oxygen per day. Using a value of 91.6 Btu per lb as the heat of vaporization of oxygen (when vented to sea level pressure), the permissible loss is equivalent to 3.82 Btu per hr. The major sources of heat transfer are summarized and calculated in the following paragraph. Heat transmitted by other means, such as conduction and convection of residual gas in the vacuum space and three tube lines, radiation shape factor variation at the thermal shorting valve, and as a result of the internal heat exchanger, is neglected. 
